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Sliding friction experiments were conducted on zinc single-crystal (0001) surfaces with sliding restricted to the (lOi0) directions. A ruby ball (9.0-mm diam) contacted the crystal surface under loads of from 50 to 300 g at sliding velocities from 0.02 t o 14 mm/min. Surface films influenced plastic deformation. Oxides reduced plastic deformation, while organic films in creased plasticity during sliding. Ion-implanted lead films also increased plasticity. De formation mode was also influenced by the film present. With an oxide film, twins were ob served, while with organic films, deformation was exclusively by slip. The higher the sliding velocity, the less the surface deformation. Track width increased with transition from the brittle to ductile state. The objective of this investigation was to determine the influence of surface films on the deformation and friction of zinc. Sliding friction experiments were conducted on cleaved zinc (0001) surfaces with sliding in the (lOT0) direction. The effect of various films was examined. These films included oxides, organic fluids, organic friction films, and an ion-implanted metal.
MATERIALS
The zinc single crystal sliding surfaces used in these studies were obtained by cleaving a zinc single crystal (99.999 percent pure) cylinder into wafers 30 millimeters in diameter and 5 millimeters thick. The cleavage was done under liquid nitrogen along the natural cleavage plane of zinc, the (0001). The flat surfaces of the wafers were of the (0001) orientation. The cleavage process resulted in atomic flats of zinc. Other than f o r the presence of cleavage steps, this is a means of generating asperity-free metal surfaces.
The slider used in these experiments was a 9.0-millimeter-diameter ruby ball. It had a very smooth fire-polished surface.
The hexadecane fluid was 99.999 percent pure and was olefin free. It was perco lated through activated alumina just prior to use.
APPARATUS
The apparatus used in this investigation is shown schematically in figure 1 . The apparatus consisted basically of a microscratch hardness tester to which a drive motor with a gear reduction head was attached to provide uniform motion, at various speeds, of the crystal surface under examination. When sliding experiments were conducted under a fluid media, the zinc crystal specimen w a s placed in a dish of the fluid as indi cated in figure 1. The dish was mounted t o a steel plate that was moved by the drive assembly.
The ruby ball was mounted in an a r m above the zinc crystal surface. Loading was accomplished by the application of dead weights directly over the ruby ball. The a r m retaining the ball specimen had a strain-gage assembly f o r monitoring frictional force.
The crystals were heated by placing a small b r a s s block containing two cartridge heaters directly under the specimen. A Chromel-Alumel thermocouple was mounted directly on the top surface of the crystal for monitoring specimen temperature.
Cooling of the specimens t o -195'-C was accomplished with liquid nitrogen. The data obtained at -78' C were obtained by placing the crystal on a block of dry ice. All experiments consisted of a single pass a c r o s s the crystal surface. The total distance of travel was approximately 20 millimeters.
The entire apparatus was enclosed in a clear plastic box. The box was purged for 20 minutes prior t o each experiment with argon. During the experiment a slight positive pressure was maintained in the box.
EXPERIMENTAL RESULTS
Temperature Effects
The effect of temperature on the deformation of a zinc (0001) surface when sliding in the [ l O i O ] direction was measured over a range of temperatures. The track width produced on the surface as a result of sliding is presented in figure 2 . At -195' and -78' C the deformation at a fixed load of 200 g r a m s was less than 0 . 1 millimeter with a single pass of the ball a c r c s s the surface. While the t r a c k width was essentially the same at both temperatures, fracture cracks were observed in the wear track at -195' C.
The cracks were normal to the direction of sliding which indicated that they were asso ciated with the { lOi0 } planes. Cleavage o r fracture is normally not observed along this plane in pure zinc but is in zinc alloys containing as little as 0.13 percent cadmium (ref. 10 ). These cracks were not present at -78' C.
When the temperature was increased to 23' C, a very marked increase in t r a c k width occurred. The width continued t o increase with further increases in temperature. The large increase in deformation of the surface when the temperature was increased from -78' t o 23' C is associated with the brittle t o ductile transition in zinc. At -78 ' and -195' C zinc, during the sliding process, behaves in a brittle manner. Plasticity and t r a c k width increase at 23' C and above because the zinc acts like all ductile metals 
Effect of Surface Oxides
The effect of surface oxide (ZnO) on the deformation of a zinc crystal surface during sliding was determined. Three crystal wafers, all from the same cylinder, were ex amined. One surface was examined in dry sliding in the as-cleaved condition. The second crystal surface was oxidized in steam, and the third crystal was examined as cleaved under a 5-percent hydrochloric acid solution t o dissolve the surface oxide con tinuously. The deformation t r a c k widths produced during these sliding experiments at various loads a r e presented in figure 3 .
The data of figure 3 indicate that deformation during sliding was greatest with con tinual oxide removal under the 5-percent hydrochloric acid in water solution, interme diate with normal oxide on the as-cleaved crystal, and least with the preoxidized surface.
Thus, the presence of the zinc oxide on its surface reduces deformation during sliding.
In addition to simple plastic deformation, some adhesion of zinc t o the ruby surface occurred with the as-cleaved specimens. This could alter the nature of the deformation track. With both the preoxidized and the hydrochloric acid solution experiments , no evidence for adhesive t r a n s f e r was noted. In fact, with the hydrochloric acid solution and its oxide removal, the friction coefficient was lower at all loads investigated than f o r the oxidized surface, as indicated by the data of figure 3 .
The influence of a hydrocarbon lubricant on the deformation of the as-cleaved zinc crystals was examined. Both hexadecane and hexadecane containing 0.2 percent stearic acid were used. The results obtained together with the curves obtained for dry sliding a r e presented in figure 4 . The data of figure 4 indicate that the presence of surface active organics increases the plasticity and the resultant surface deformation during sliding. This is a manifesta tion of the Rebinder effect seen during a sliding friction experiment (refs. 1 and 2). At loads l e s s than 200 grams the stearic acid reduced the deformation relative t o the hexa decane alone. The higher the load, the less the difference, and at 200 grams and above, the presence of the s t e a r i c acid did not alter the observed behavior.
It is worthy of note in figure 4 that the curves for dry sliding and the lubricated con dition converge to nearly the s a m e value at a load of 300 grams. These results a r e as might be anticipated, that is, the higher the load, the greater the bulk deformation, and the less significant the surface influences.
The effect of steam preoxidation on the deformation in the presence and absence of hexadecane was also examined. The presence of the hexadecane also alters deformation behavior with the oxidized surface, as indicated by the surface profile t r a c e s of fig u r e 5. The track is wider and not as deep with the hexadecane present.
When the zinc surface has been preoxidized, even the nature of the surface deforma tion in hexadecane is changed. This is evidenced in figure 6 . In figure 6(a) with an un oxidized surface, plastic flow takes place with no evidence for twin formation. With the oxidized surface, however, a "ladder" of needlelike twins can be seen ( fig. 6(b) 
The total amount of plastic deformation is sensitive to strain rate just as observed in conventional mechanical testing of metals. Thus, it is not surprising to find in fig u r e 8 that the track width generated on the zinc surface is dependent upon sliding velocity.
Increasing the sliding velocity increases the strain rate, and this results in a decrease in the total amount of deformation observed.
Thin Metallic Films
In addition to natural oxides and organic films, thin metallic films have been ob served to influence deformation. In most cases these films have been noted to increase the resistance to deformation (refs. 2 Sliding friction experimental results for a lead-coated zinc surface at various loads a r e presented in figure 9 along with a reference curve for the as-cleaved crystal surface.
The results indicate that the presence of the lead film increases the deformability of the surface. Apparently, in the ion-implantation process the lead weakens the (0001) stable zinc lattice sufficiently t o result in the increase in plasticity. Figure 10 presents photographs of zinc (0001) surfaces after sliding under three conditions: (a) dry, (b) with the ion-plated lead, and (c) with hexadecane containing s t e a r i c acid. With dry sliding ( fig. lO(a) )twins developed with sliding, and evidence of adhesion of zinc t o the ruby ball is indicated by the darkened areas in the center of the photograph; these darkened areas represent pits or c r a t e r s formed when the zinc trans In figure 1O (b) the presence of lead in the zinc surficial layer has resulted in an in hibiting of twin formation. Close examination reveals the presence of twins within the wear track, but the number is considerably reduced over that in figure lO(a) .
When a lubricant, hexadecane with 0.2 percent s t e a r i c acid, is used, there is a complete absence of twins ( fig. lO(c) ). Thus, the presence of various surface films not only quantitatively a l t e r s the surface deformation but also affects the mode. The ab sence of twins in figure lO(c) would indicate that deformation is entirely by slip.
DI SCUS S ION
The normal cleavage plane for zinc is the basal (0001) With a body-centered cubic iron-silicon alloy in reference 16, no evidence for brittle fracture o r cleavage was observed even at -195' C, while in this study with the hexagonal metal zinc fracture was observed. This may be related to the larger number of slip systems in the body-centered cubic system allowing for deforma tion to occur.
In figure 3 the presence of oxides increased the resistance of the zinc surface to plastic deformation. The influence of oxides on increasing the resistance of hexagonal metals t o plastic flow in mechanical testing has already been observed (refs. 4 and 5) .
It is interesting to note the marked effect it produces on plastic flow during sliding in figure 3 and that the resistance is c?. function of film thickness. With continuous oxide removal under the hydrochloric acid, deformation is greatest. With the deliberately preoxidized surface, deformation' is least. It cannot be argued that adhesion is playing a role in the observed results because in figure 4 the friction force for the oxide-covered surface is greater than that for the surface run under the hydrochloric acid solution. This difference indicates that the amount of metallic adhesion is greater in dry sliding over the oxide than it is in sliding under the hydrochloric acid solution. Plowing is greater in the latter case and on that basis alone the friction force would be expected t o be higher. The fact that it is not indicates that the adhesive force must be low. Thus, the presence of oxides on metal surfaces increases the resistance of the surface to plastic deformation.
Corrosion is not believed t o have influenced the results obtained in figure 3 under hydrochloric acid. Experiments were conducted with a 10-percent hydrochloric acid solution, and the track widths measured were within the experimental e r r o r of values presented in figure 3 f o r a 5-percent acid solution. If corrosion played a part, track widths should have been l a r g e r in the 10-percent solution.
In contrast to oxides on a zinc (0001) surface, which decrease surface deformation, the presence of hexadecane o r hexadecane with 0.2 percent stearic acid actually causes an increase in the surface plasticity. This observation is commonly referred to as the Rebinder effect and has been observed with a number of materials in the presence of organic fluids (refs. 1 
and 2).
The sensitivity of the zinc surface t o strain rate as reflected by a change in the slid ing velocity in figure 8 indicates that there are conventional mechanical property meas urements such as strain-rate measurements of materials which may provide an insight into the effect of sliding speed. This is particularly true since a similar observation was made with an inorganic crystal in reference 8. This may, in part, explain why at slow sliding speeds friction force is usually higher than at high sliding speeds. At the low speeds, plowing is greater than at high speeds. The significance of this effect will be influenced by the creep characteristics of the materials involved.
The experimental results of figure 9 indicated that ion-implanted lead increases the ductility of the zinc (0001) surface. In reference 2 both gold-and copper-plated zinc crystals had slightly higher tensile strengths than the s a m e crystal without plating. Both gold and copper have appreciable solubilities with zinc, and gold is capable of forming compounds (ref. 12) . Lead is nearly insoluble in zinc and does not form compounds (ref. 12) . While the two former metals, namely, gold and copper, could conceivably re sult in surface strengthening due t o solid solution o r compound formation, this cannot occur with lead.
The (0001) plane of zinc is the atomically most dense and electronically the most stable, having the lowest surface energy. Ion implantation of foreign atoms can only introduce defects and disrupt zinc cohesive bonds. This must be sufficient to weaken the resistance of surficial layers t o deformation. The penetration of foreign atoms into the lattice will also reduce the stacking fault energy. 
